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Abstract 

Artificial sweeteners are gaining increasing popularity as an alternative to sugar; 

however, new studies in rats show that prolonged exposer to artificial sweeteners increases 

breast, brain, and urinary cancer risk. Concerns have been raised with the quality, safety and the 

long-term health risks associated with artificial sweeteners and artificial sweeteners have been 

shown to induce metabolic syndrome. These sweeteners have demonstrated activity that is 

mediated via G-protein coupled receptors (GPCRs). GPCRs mediate many of our physiological 

responses to stimulants; however, around 100 of these receptors are deemed orphan, and may 

represent targets for sweetener activation. In this study, a high throughput screening platform 

was used to simultaneously quantify β-arrestin recruitment to 72 orphan GPCRs. Cells 

expressing receptors of interest were treated with the artificial sweeteners, aspartame and 

acesulfame K prior to quantification of receptor activation. GPR32, GPR4, GPR12, GPR84 and 

MAS1 were significantly activated in response to sweetener treatment. These receptors are 

expressed in epithelial cells. GPR4, GPR32, and GPR84 are connected to inflammatory 

responses, with artificial sweeteners also causing inflammation in the body. If validated, they 

will represent some of the first known ligands for the orphan receptors in question and could 

have implications for their role in inflammatory responses. 
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Introduction  

G-Protein Coupled Receptors 

G-protein-coupled receptors (GPCRs) mediate the majority of our physiological 

responses to stimulants like hormones and neurotransmitters. GPCRs have become a major target 

for therapeutic techniques and over the past three decades, great progress has been made with 

understanding the structure and function of GPCRs. GPCRs are the largest family of membrane 

proteins that have many functions including being responsible for vision, taste, and olfaction. All 

GPCRs are characterized by the presence of seven hydrophobic transmembrane α-helical 

segments separated by alternating intracellular and extracellular loops, as shown in Figure 1 

(Rosenbaum et al. 2009). GPCRs share the most homology within these transmembrane  

Figure 1: Secondary structure and location of agonist binding for different GPCRs. Showing the 

alternating hydrophobic transmembrane α-helical segments. Image taken from Kobilka, 2007. 

segments while the most variable structures in the GPCRs are at the carboxyl terminus, an 

intracellular loop that spans the fifth and sixth transmembrane, and the amino terminus (Kobilka, 

2006). A detailed analysis of the human genome revealed over 800 unique GPCRs that were 

further classified into five families at the time; the rhodopsin family (Class A, 701 members), the 
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secretin family (Class B, 15 members), the glutamate family (Class C, 15 members), the 

adhesion family (24 members) and the frizzled/taste family (24 members) (Frekrisson et al. 

2003). The Class B family has been reassigned to the adhesion family creating four families for 

classification instead of five (Alexander et al. 2017). 

An orphan GPCR receptor is defined as having unknown physiological function and/or 

endogenous ligand. Of the 800 GPCRs, there are 121 orphan receptors (Alexander et al. 2017). 

Deorphanization of GPCRs is ongoing as they are a promising group of pharmaceutical targets, 

so the orphan list is continuing to go down (Kobilka, 2007). The Class A GPCRs are the most 

widely investigated drug targets for pharmaceutical companies. The class A GPCRs can have 

multiple interacting partners with ligands, allosteric modulators, and signalling proteins which 

make them ideal for therapeutic companies (Cong et al. 2017). Rhodopsin is the founding 

member of the Class A GPCR family and its crystal structure was solved in 2000 which has 

allowed for several function states to also be solved (Xu and Xiao, 2012). Despite extensive 

research, 87 Class A GPCRs are still classified as orphan receptors (Alexander et al. 2017). 

G-Protein Coupled Receptor Cell Signalling 

GPCR signalling has been a focus for researchers for several decades. Leading to many 

discoveries of therapeutic techniques, as well classifying orphan receptors based on their ligands; 

one of which is Rhodopsin. Rhodopsin, the prototypical class A GPCR, was the first identified to 

have activation that involved rigid body motion of the α-helices (Gurevich and Gurevich, 2017). 

This motion then resulted in the cytoplasmic side of the membrane opening a cavity. GPCRs can 

never have their conformational equilibrium shifted to a single active or inactive state thus 

different proteins that interact with the GPCRs (ligands) must prefer selective conformations. 
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Localization of a GPCR on the cell membrane can affect the ability it has to signal, with 

lateral movement often being restricted by preferential localization of GPCRs to specific lipid 

environments (Allen et al. 2007). The ligand-receptor binding event must be responded to by the 

cell itself using the effectors of the GPCR. Once a heterotrimeric complex comes into contact 

with a ligand-GPCR receptor, downstream signalling starts, and conformational changes begin. 

Each Gα protein targets a specific signalling cascade and depending on which Gα protein the 

GPCR encounters, a different response/cascade is initiated (Hanlon and Andrew, 2015). 

As GPCRs are the receptors for hormones, neurotransmitters, ions, photons, and other 

stimulants, their signal transduction plays critical roles in intercellular communication in 

vertebrate physiology. Classically, an agonist would bind with the GPCR to activate the specific 

heterotrimeric G proteins which cause activation of an effector protein cascade (Figure 2). The 

heterotrimers activate different signalling pathways; the Gα proteins, which are GTPases, 

catalyzes the hydrolysis of the two states GTP bound to GDP bound, where the GTP bound state 

is the active state (Volger et al. 2008). The Gβ is tightly linked to the Gγ subunit through 

hydrophobic interactions (Higgins and Caseys, 1994) and the Gγ protein is prenylated at the C-

terminus to promote membrane localization (Sondek et al. 1996). 
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Figure 2: The GPCR cycle which starts with a GPCR in its basal state and progresses through 

the conformational changes and phosphorylation events that must occur to return to a basal state 

after a ligand has bound to the receptor. Image taken from Hanlon and Andrew, 2015. 

GPCRs have multiple signal transducers; G-proteins, GRKs and arrestins. There are four 

arrestin proteins in mammalian species that regulate the signaling and trafficking of G-protein-

coupled receptors. Arrestin 1 and 4 are associated with signalling in retinal rods and cones and 

are subsequently known as visual arrestins. Arrestin 2 and 3 are known as β-arrestins and are 

used in the function of signal transduction of non-visual receptors (Gurevich and Gurevich, 

2006). β-arrestin-2 activates the JNK3 cascade, but it does not depend on the ability to bind 

receptors. β-arrestin-1 is a part of the core mechanism of programmed cell death (Gurevich and 

Gurevich, 2017). 

In addition to the classical heterotrimeric G protein activation, GPCRs can have a more 

complex signalling behaviour including simultaneous activation of multiple pathways, 

phosphorylation events, and arrestin-mediated internalization, all of which shape the overall 
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response. GPCR activity is further diversified by oligomerization creating opportunities for 

responses localized to a specific membrane compartment and by different ligands binding to the 

same receptor (Rosenbaum et al. 2009).  

Ligands can be grouped into different efficacy classes based on their ability to elicit a 

response from the receptor. The classes are defined by full agonist, which is capable of maximal 

receptor simulation; partial agonist, which cannot elicit a full response but does cause some 

activity of the receptor; neutral antagonist which has no effect on activity of a receptor but it can 

stop other ligands from binding to the receptor; and finally inverse agonist, which reduces the 

basal activity of the unliganded receptor (Rosenbaum et al. 2009). Ligand efficacy is described 

by energy transfer between the binding pocket and the G-protein interaction site; this action is 

dependent on multiple interactions between receptor and agonist (Weis and Kobilka, 2018). It 

was found that GPCR activation has distinct conformations that are stabilized by ligands which 

achieve varying efficacies for different signalling pathways that can interact with specific 

effectors (Rosenbaum et al. 2009). 

Human Cell Models to Study GPCR Signalling   

GPCR signalling is needed to help progress therapeutic companies to create new and 

improving drugs. As we learn more on how GPCRs signal we slowly learn how important they 

are for our physiological function; however, there are numerous challenges associated with 

studying GPCR signalling, including the condition of the cells and if the correct ligand can be 

found. Western blots and biochemical assays are done for intracellular mediators; however, these 

have limitations with orphan receptors because there are no known comparisons when working 

with these receptors. 
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Human Embryonic Kidney (HEK) 293 cell lines are widely used in biology and 

biochemistry to study signal transduction, protein interactions, small scale protein expression and 

more. The original cell line was derived in 1973 when the kidney of an unknown aborted embryo 

was transformed with adenovirus 5 DNA (Lin et al. 2014). The HEK 293 cells that were worked 

with in this study are HEK 293 HTLA cells that were stably transfected with the 𝛽-arrestin-TEV 

protease and the tTA dependent reporter gene that allows the PRESTO-Tango assay to work.  

In response to the growing need for research tools to measure cell surface receptor 

activation, Barnea et al. (2008) developed an experimental strategy to monitor the protein 

interactions in a cell with high selectivity (Figure 3). The Barnea technique uses a transcription 

factor that binds to a receptor containing a linker which has a cleavage site for a protease. The 

activation of the receptor then recruits a signalling protein attached to a protease that cleaves the 

site and causes the transcription factor to activate the gene. The assay relies on introducing 

exogenous genes into the cell including the transcription factor-modified receptor, the protease 

modified- effector protein, and a transcription factor-dependent luciferase reporter gene. They 

called this assay a Tango assay due to it relying on two proteins to stimulate a response. The 

Tango assay for GPCRs monitored the activation of a receptor by a ligand by the ligand-

mediated arrestin binding. Almost all GPCRs accompany arrestin upon activation, so they used 

this knowledge of arrestin recruitment to develop an assay that included all known GPCR 

classes. The Tango assay sensitivity and the ability to monitor a receptor without interference has 

allowed for GPCR orphans to be studied. Which in the paper by Barnea et al (2008) they found 

that GPR1 is activated by chemerin which was confirmed by an independent Ca2+ mobilization 

assay. 
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To facilitate the study of multiple receptors in this way, Kroeze et al. 2015 adapted the 

original method for β-arrestin recruitment which they called PRESTO-TANGO, meaning 

Parallel Receptorome Expression and Screening via Transcriptional Output – TANGO, for the 

simultaneous and parallel interrogation of the entire GPCR-ome. The underlying principle of the 

adaptation was to make the GPCR in a way that modules could be excluded or included by 

having a cleavable signal sequence (HA Signal) at the 5’ end to promote membrane localization 

as well as a FLAG epitope to monitor cell expression. At the 3’ end there is a TEV cleavage site 

and a tetracycline transactivator, as well as a C-terminal fragment from the human vasopressin 

receptor, which is a short amino acid sequence added to promote sustained arrestin recruitment. 

 

Figure 3: Modular design of TANGO expression constructs (top). General scheme for β-arrestin 

recruitment Tango or PRESTO-Tango (bottom). Components of the Tango system serve the 

following functions: The HA signal (hemagglutinin tag) promotes membrane localization N-

terminal FLAG epitope to monitor GPCR membrane expression, the GPCR gene, vasopressin 

receptor (V2 tail) promotes arrestin recruitment, TEV-beta arrestin fusion cleaves at the TEV 

cleavage site, and a tetracycline transactivator (tTA) transcription factor required for luciferase 

expression in response to receptor activation. Image taken from Kroeze et al. 2015. 

The PRESTO-TANGO screening allowed a 384-well plate design to simultaneously test 

multiple receptors and treatments where luminescence was measured as an indicator of receptor 

activation. Using this high-throughput adaptation, Kroeze et al identified new drug ligands for 
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the MRGPRX receptor and established the PRESTO-TANGO methodology as a powerful high 

throughput tool for deorphanizing GPCRs (Kroeze et al. 2015).  

 

 

Artificial Sweeteners as potential GPCR ligands 

Artificial sweeteners are increasing in popularity as an alternative to sugar with an 

increase in obesity, diabetes, and metabolic syndrome. The shift to low-calorie artificial 

sweeteners has amplified in todays society. The artificial sweeteners are also called non-nutritive 

sweeteners (NNS) which provide more intense sweetness with little to no calories. Aspartame 

and acesulfame potassium have been labelled as safe by the United States Food and Drug 

Administration (US-FDA) (Sharma et al. 2016). New data from both humans and non-human 

animals have shown evidence that NNS play an active role in the gastrointestinal tract as well as 

trigger a response in T1R and α-gustducin taste receptors. A study showed that in mice, the 

stimulation of intestinal taste receptors by sucralose led to the more expeditious absorption of 

sugars into the bloodstream (Brown et al. 2010). It was concluded that consumption of artificial 

Figure 4: PRESTO-TANGO 384-well format. Image taken from Kroeze et al. 2015. 
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sweeteners with sugar containing food/drink could lead to increases in sugar absorption and 

insulin secretion. 

 Concerns have been raised with the quality, safety and the long-term health risks 

associated with artificial sweeteners. Artificial sweeteners have been shown to induce metabolic 

syndrome but the mechanism by which they dysregulate the host metabolism remains unknown. 

What is known is that the sweeteners often disrupt the growth of gut bacteria but the specific 

effects on gut microbiota remains largely undiscovered (Bian et al. 2017). Heavy artificial 

sweetener use consisting of a combination of acesulfame K and aspartame over an extended 

period of time causes urinary tract tumors (van Eyk, 2015). Aspartame has also been linked to 

malignant tumors for breast and brain cancer in rats. Tests done with human cancer cells and 

artificial sweeteners showed that there were morphological alterations of the test cells when the 

sweeteners were added in concentrations greater than 10 mM (van Eyk, 2015). 

 Aspartame 

Aspartame was the third sweetener discovered and it is approximately 200 times sweeter 

than table sugar. Aspartame consists of two amino acids (Figure 5A): aspartate and 

phenylalanine (van Eyk, 2015). Aspartame is hydrolyzed in the intestines into phenylalanine 

(50%), aspartic acid (40%) and methanol (10%) during metabolism in the body. Aspartame is 

metabolized by hydrolysis of the methyl group by intestinal esterases which yield methanol 

which in turn is often oxidized to CO2. The dipeptide is split by dipeptidase and the free amino 

acids are absorbed. Aspartic acid is transformed to CO2 through the tricarboxylic acid cycle. 

Phenylalanine is absorbed into body protein either unchanged or as its major metabolite, tyrosine 

(Ranney et al. 1976). It is possible for metabolites to act as chemical signals and bind and 

activate GPCRs (Husted et al. 2017 and Hooper et al. 1994). 
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It has been found that the aspartame metabolites have negative effects in the body; excess 

phenylalanine blocks amino acid transport to the brain which causes a decrease in dopamine and 

serotonin production (Pietz et al. 1999). Aspartic acid in high concentrations causes 

hyperexcitability of neurons; the excess of aspartic acid and the lack of astrocytic uptake induces 

excitotoxicity that leads to the degradation of neurons as well as astrocytes. The methanol 

metabolite has the ability to cause central nervous system depression, vision disorder, and other 

complications that lead to metabolic acidosis or coma (Rycerz and Jaworska-Adamu, 2013). 

Choudhary and Lee, 2018 concluded that aspartame may be response for adverse 

neurobehavioral health outcomes and that the consumption of aspartame needs to be done 

cautiously. 

Acesulfame K 

Acesulfame K (Figure 5B) is also approximately 200 times sweeter than table sugar; 

however, unlike aspartame after ingestion acesulfame K is not metabolized and is excreted 

unchanged in the urine (van Eyk, 2015). Acesulfame K has been found to be genotoxic and can 

cause inhibition of glucose fermentation in intestinal bacteria. Acesulfame K is a sulfonamide 

which is a chemical that is associated with antimicrobial activity. Acesulfame K is believed to 

increase the potential of developing chronic inflammation in the intestines and gut by disrupting 

the associated pathways, as well as disrupting the gut bacteria (Bian et al. 2017). A study on 

mice determined that there was a loss of cognitive function after long term use of a low 

carbohydrate and acesulfame K diet which caused a decrease in short term and object memories 

in a Y-maze and object recognition (Ibi et al. 2018).  
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Figure 5: Aspartame (A) and Acesulfame potassium (B) chemical structure. Created with 

ChemDraw Software.  

Artificial Sweeteners and GPCRs 

 The sweet taste receptor is believed to be a heterodimer of the Class C GPCRs T1R2 

and T1R3. Sugars and artificial sweeteners like saccharin and acesulfame potassium bind 

primarily to T1R2 with some studies showing that they can bind to T1R3 (Simon et al. 2013). It 

has been shown that sweet taste receptors are activated in response to artificial sweeteners; 

however, some knock-out studies suggest other receptors have the capacity of binding artificial 

sweeteners (Simon et al. 2013). It has been shown that two water molecules could play an 

important role in sweetener binding by forming hydrogen bridges between the receptors (T1R2 

and T1R3) and the sweetener ligand. The artificial sweetener aspartame had key binding residues 

and interacted with salt bridges, hydrogen bonds and hydrophobic interactions (Maillet et al. 

2015). 

A B 
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Purpose of the Study 

 Based on this knowledge of artificial sweeteners and their key roles within the body, 

the purpose of the study that it is to conduct preliminary trials to determine if artificial 

sweeteners, aspartame or acesulfame potassium are ligands for some of the 72 Class A orphan 

receptors using the PRESTO-Tango technique for high throughput screening. Another goal of 

this study was to optimize the high throughput screen, so that the preliminary data would be 

consistent through each set of the screen. 

Material and Methods 

Human Cell Culture 

All cells are modified Human Kidney Cells (HTLA Cells) containing the required genes 

for the Tango assay (luciferase, beta-arrestin fusion) unless otherwise stated. Normal growth 

conditions for the HTLA cells was incubation at 37℃ in Complete Dulbecco's Modified Eagle 

Media (Wisent Bioproducts, 319-005-CL) with 10% Fetal Bovine Serum (FBS) and passaging 

every two to four days. Passaging the HTLA cells involved removing the media, followed by a 

wash with either PBS or serum-free DMEM. Then, 2.5% trypsin was placed on the cells and 

incubated for 2 minutes at 37℃. Cells were resuspended in DMEM before centrifugation for 5 

minutes at 300 times gravity. Cells were resuspended in serum-free DMEM then seeded in a 10 

cm2 cell culture plate with complete DMEM. 100 µg/mL Hygromycin B and 2 µg/mL 

puromycin was also added to the seeded plate. 

To plate the HTLA cells for an experiment, sub-culturing was carried out by a wash with 

serum-free DMEM from Multicell, followed by incubation with 2.5% trypsin for 2 minutes at 
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37℃. Cells were resuspended in complete DMEM before centrifugation for 5 minutes at 300 

times gravity. Cells were resuspended in serum-free DMEM. A one in one mixture of cells and 

trypan blue was combined in a 1.5 mL Eppendorf tube. The mixture was placed on a 

hemocytometer and the cells were counted to determine the desired cell concentration of 20,000 

cells per well for the experiment. The cells were then plated in a 96-well plate(s) in 1% serum. 

The 96-well plate(s) were then incubated for 24 hours at 37℃. 

DNA Plasmid Preparation 

LB agar plates containing 50 µg/mL ampicillin were warmed to 37℃. Frozen PRESTO-

TANGO GPCR expression vector glycerol stocks in E.coli were scraped with a pipet tip and 

streaked across the LB agar plate. Once all receptors were streaked, the plates were inverted and 

placed in 37℃ incubation for 18 hours. Following the incubation, a single isolated colony was 

picked with a pipet tip and inoculated in LB broth containing 50 µg/mL ampicillin. The LB broth 

was incubated for 18 hours at 37℃ with 250 rpm oscillation. A 25% glycerol stock was made 

with LB culture. Miniprep was done following Machery Nagel NucleoSpin Transfection grade 

kits. Nanodrop technology was used to determine the 260/280 ratio as well as the concentration 

of the sample. 

Transfection 

Transfection mixture was made up using 25 ng pCMV-βal, 50 ng pBSK, 25 ng PRESTO-

TANGO plasmid (Roth Lab), 0.2 µg of polyethylenimine (PEI), and Opti-MEM. Transfection 

mix replaced cell medium and was incubated for 24 hours at 37℃. Media was removed and 

replaced with 3X treatments prepared in Opti-MEM for a final concentration of 10% FBS and 

20% FBS and incubated for 24 hours at 37℃. Cell media was removed, and cells were lysed 

with 1X Reporter Lysis Buffer, rocked for 15 min, then froze at -80℃. 
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384-Well Plate Optimization 

Luciferase assay buffer was prepared using D-luciferin (Biotium, 30028-L2) and 

luciferase buffer. Six samples of lysate from HTLA cells were transfected with either DNA for 

the positive control GPCRs Lysophosphatidic Acid Receptor 1 (LPAR1) or LPAR2 and treated 

with vehicle, 10% FBS or 20% FBS mixed with varying amounts of water and buffer solutions. 

Each treatment of sample, water and buffer was added to a 384 well plate and luminescence was 

measured on a SpectraMax reader and a BioTek Multimode Microplate Reader.  

Screen Optimization Experiments 

There were more optimization experiments done which followed the Human Cell Culture 

procedure outlined above with the follow variations: transfection optimization of LPAR1 and 

LPAR2 differed with the transfection mixture being made up using 25 ng pCMV-βal, 50 ng 

pBSK, 25 ng PRESTO-TANGO plasmid (LPAR 1, LPAR 2 and GFP). 

The two PEI optimization experiments varied by using varying concentrations of PEI 

which included 0.05, 0.1, 0.2, 0.3, and 0.4 µg for the first one. The second test, in sets of 16 

wells, cells were plated at the concentrations of 5 000, 10 000, 15 000, 20 000, 25 000 and 30 

000 cells per well. The varying concentrations (0.1, 0.2, 0.3, and 0.4 µg) of PEI were used for 

this experiment. GFP transfection efficiency was determined by manual counting.  

The first contamination test used HTLA and HEK cells from -80℃ and liquid nitrogen 

storage and were cultured for the duration of this experiment in high glucose (4.5 g/L) DMEM 

media supplemented with 10% FBS. Cells were plated at 5,000 cells per well in 1% serum. All 

media was then removed from each well after treatment and replaced with 1 in 5000 Hoechst 

33342 dye in PBS. It was incubated for 5 minutes at room temperature and washed three times 

with PBS having the last remain in the well. The wells were then measured via fluorescence 
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microscopy using the DAPI function on the EVOS microscope to determine if contamination 

was present at the cellular level. 

The second contamination test plated the cells at 25,000 cells per well in 1% serum. The 

transfection mixes included 48 wells with DNA and PEI and 48 wells with just PEI. 24 wells of 

each set contained old PEI and 24 wells of each set contained newer PEI. Transfection mix 

replaced cell medium and was incubated for 6, 18 and 24 hours at 37℃. Media was removed and 

replaced with 3X treatments prepared in Opti-MEM and Complete DMEM with 48 wells getting 

Opti-MEM and 48 Wells getting DMEM. GFP was monitored at 18, 24 and 48 hours post 

transfection. An MTT assay was then completed to determine cell death based on the conditions 

stipulated. 

High-Throughput Sweetener Screens 

Before starting the High Throughput Screen (HTS), the 72 receptors were all prepared in 

a 96 well plate at 5 ng/uL so that there was enough for 3 full screens. The same was done with 

the β-Gal, pBSK, GFP and PEI. Treatments of sweeteners were prepared at 30X so they could be 

diluted to 3X on treatment day. 6 plates of HTLA cells at 60% confluence were harvested for the 

duration of this experiment in high glucose (4.5 g/L) DMEM media supplemented with 10% 

FBS. Sub-culturing was done following the method explained above in Human Cell Culture 

section. Nine 96-well plates were plated at 20,000 cells per well in 1% serum. The 96-well plates 

were incubated for 24 hours at 37℃. Transfection mixture was made up using 25 ng pCMV-βal, 

50 ng pBSK, 25 ng PRESTO-TANGO plasmids (72 orphan receptors with 8 receptors on each 

plate, along with GFP, pBSK and LPAR1 controls), 0.2 µg of PEI, and Opti-MEM (Figure 6). 

Transfection mix replaced cell medium and was incubated for 12-18 hours at 37℃. Media was 

removed and replaced with 3X treatments of Opti-MEM and 3X sweetener mix incubated for 12-
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18 hours at 37℃. GFP transfection efficiency was monitored, cell media was removed, and cells 

were lysed with 1X Reporter Lysis Buffer, rocked for 15 min, then froze at -80℃. Luciferase 

and β-Gal Assays were then completed, and data analysed following the procedure listed below. 

 

Figure 6: Plate layout for the HTS of artificial sweeteners with the orphan receptors being 

placed in wells labeled R1-R8 and the controls of green fluorescent protein (GFP), pBluescript II 

SK+ (pBSK, NT) and Lysophosphatidic Acid Receptor 1 (LPAR1) being placed on the sides. 

Luciferase Assay 

A plate containing cells from a previous experiment was thawed at room temperature and 

miliQ water was added to each well for a final dilution of 1:5. Working solution for the 

luciferase assay was prepared using 10 µg/µL D-Luciferin stock and luciferase assay buffer. The 

lysate was added to a 384-well fluorescence white plate; miliQ water and working solution was 

also added to each well. Solution was incubated for five minutes with oscillation. Luminescence 

was then read on a Biotek Synergy HT Multimode Microplate reader. 

β- Galactosidase Assay 

The lysate from above was added to a clear 96-well plate with 2X β-Gal assay buffer (o-

nitrophenyl-β-d-galactopryanoside). The plate was incubated at room temperature for 5-15 

minutes depending on the quickness of the luminescence and then read at 420 nm in a 

SpectraMax spectrophotometer.  
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MTT Assay 

0.1 µg of MTT was added to each well and incubated for 2-3.5 hours at 37℃. The media 

was then removed and DMSO was added to each well. It was placed on an orbital shaker for 15 

minutes and protected from the light. Absorbance was then read at 570 nm in a SpectraMax 

spectrophotometer. 

Green Fluorescent Protein Microscopy 

 GFP was used to determine how well transfection happened. GFP efficiency was 

calculated by hand, using pictures collected on the EVOS microscope under GFP conditions and 

transient conditions to determine the percentage of GFP transfection 

(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐺𝐹𝑃 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑖𝑜𝑛 =
𝐺𝐹𝑃 𝐶𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠
). 

Data Analysis 

All statistics and plotting were carried out in Prism 8 software (GraphPad Software; San 

Diego, CA, USA), or R Studio (Boston, MA, USA). For the transfected Tango assays, the 

procedure was carried out in triplicate and presented as fold change over non-transfected control. 

Data is presented as mean ± SEM. Relative light units (RLU) was determined from taking the 

luciferase data and normalizing the data with the β-Gal data for each receptor. Shapiro test, 

Bartlett’s test, T-test, and Mann-Whitney U test were used to determine normal distribution, 

equal variance and statistical significance of comparisons between vehicle and treatment groups. 

Results 

Optimization of High Throughput Screen 

To properly run an HTS of the artificial sweeteners, a series of optimization tests needed 

to be completed to make sure there would be no faulty reading because of controls, cell 
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concentration, reagents or even the plate layouts. To determine the optimal volumes of lysate 

sample and luciferin to use in the 384-well plate format, optimization of the luciferase assay was 

preformed with LPAR1 and LPAR2 using six different treatments with varying amounts of 

sample, water and working solution for the luciferase assay. Each receptor had three different 

conditions of FBS: vehicle, 10% FBS and then 20% FBS. Luminescence was quantified using a 

BioTek Synergy Multimode Microplate Reader and a SpectraMax spectrophotometer to compare 

reader performance. It was determined that the optimum ratio of sample to water to working 

solution was 10 µL to 10 µL to 10 µL as it had the highest output (Figure 7). The fold change for 

this ratio was determined to be 2.80 and 3.90 for 10% FBS and 20% FBS on LPAR1 and 3.39 

and 7.33 for 10% FBS and 20% FBS on LPAR2 using the Biotek reader; while it was 3.59 and 

4.61 for 10% FBS and 20% FBS on LPAR1 and 2.64 and 6.49 for 10% FBS and 20% FBS on 

LPAR2 using the SpectraMax. Based from the RLU values and not the fold change, it was 

determined that the BioTek microplate reader gave stronger results as the highest RLU value was 

7544.67 ± 205.90 while the SpectaMax only went as high as 218.43 ± 7.59. 
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Figure 7: The optimization of lysate sample and luciferin working solution using a BioTek plate 

reader to measure LPAR1 (A) and LPAR2 (B) luminescence and a SpectraMax reader to 

measure LPAR1 (C) and LPAR2 (D) luminescence via a vehicle, 10% FBS and 20% FBS 

samples. Treatment ratios of lysate sample, water and working solution in μL are as follows: A – 

10:10:10, B – 10:5:15, C – 10:0:20, D – 5:15:10, E – 5:10:15, F – 5:5:20. Data are shown as 

mean ± SEM, where N=3. 

LPAR1 and LPAR2 receptors were used as controls to optimize the performance of the 

PRESTO-Tango screen protocol (Figure 8). Cells transfected with LPAR1 had a RLU 

(
𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 

𝐴420
) of 1125.6 ± 147.6 for vehicle, 10% FBS of 24 963.5 ± 1847.9 and 20% FBS of 24 

021.9 ± 6337.6 (Figure 8 A, B). This represents a fold change of 22.2 ± 4.0 for 10% FBS and 

21.4 ± 2.6 for 20% FBS. The magnitude of the LPAR2 was less than that of LPAR1with the 

vehicle having 308.8 ± 24.7 RLU, 10% FBS having 1431.2 ± 344.7 and 20% FBS having 1647.5 

± 199.5. Showing a fold change of 4.6 ± 1.2 for 10% FBS and 5.3 ± 0.8 for 20% FBS(Figure 8 
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C, D); thus the vehicle of LPAR1 will be used with a BioTek plate reader as it has the RLU 

value and the lowest standard error.  
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Figure 8: Determination of optimal positive control receptor and treatment conditions for 

PRESTO-Tango screen protocol (A) and fold change (B), and LPAR2 RLU values (C) and fold 

change (D). The graph is plotted with the treatments of the receptor against the RLU of each 

receptor found by a Luciferase assay and β-Gal assay. Data are shown as mean ± SEM, where 

N=3. 
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To optimize DNA transfection conditions for HTS, the PEI reagent was added at varying 

amounts of 0.00, 0.05, 0.1, 0.2, 0.3 and 0.4 µL per well in combination with a beta-galactosidase 

expression vector. β-Galactosidase activity was quantified using our β-Gal assay to determine at 

what PEI concentration the best transfection efficiency took place. Absorbance at 420 nm was 

measured following 5, 10, 20 and 30 minute incubation of lysate with -galactosidase substrate 

(Figure 9). The greatest change in absorbance at 420 nm at all four-time intervals was observed 

with 0.3 µL of PEI per well of HTLA cells. The transfection efficiency was assessed by 

microscopy in HTLA cells transfected with a GFP expression vector (Figure 10). It was 

determined that the GFP transfection efficiency was highest at 0.3 µL of PEI per well giving a 

transfection efficiency of 24.6 ± 2.1%. 
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Figure 9: The optimization of PEI reagent using a β-Gal Assay (Absorbance at 420 nm) at four-

time intervals; 5 minutes (A), 10 minutes (B), 20 minutes (C) and 30 minutes (D) against six 

different amounts of PEI that were added to each well. 0.3 µL was determined to have the largest 

absorbance in all four-time intervals. Data are shown as mean ± SEM, where N=3. 
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Figure 10: The GFP transfection efficiency percentage is based on the amount of PEI and how 

well it transfected the GFP plasmid (A) into the HTLA Cells (B). It was determined that 0.3 µL 

of PEI had the best GFP transfection percentage in comparison to the other amounts (C). Data 

are shown as mean ± SEM, where N=3. 

Another PEI optimization was done as it was found that as the amount of cells plated per 

well increases, the reagents act differently, so an experiment with varying amounts of PEI and 

varying plated cell numbers was performed to determine the optimal concentration for both. 

Cells plated at or below 20 000 cells per well had shown the best transfection efficiency and PEI 

of 0.2 or 0.3 µL per well had the lowest standard error of the mean when calculating the 

percentage of GFP transfected (Figure 11). 
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Figure 11: PEI optimization with varying amounts of HTLA cells plated per well. It was 

concluded that keeping the cells plated at or below 20 000 cells per well leads to the least amount 

of variability between sets (A). Wells with 0.3 µL PEI leads to the greatest percentage of GFP 

transfection with 27.1 ± 1.3% (B). Data are shown as mean ± SEM, where N=3. 

Contamination Testing 

During the duration of this study, there had been multiple outbreaks of contamination 

with the HTLA cells. It was therefore necessary to ensure the HTLA cells were contamination-

free prior to use in screening. Mycoplasma infection is a common source of cell culture 

contamination that interferes with many cellular measurements. Mycoplasma contamination can 

be easily spotted using a DAPI nuclear DNA stain, where mycoplasma appear as small 

extranuclear puncta. There was no evidence of mycoplasma in the HTLA cells. Another outbreak 

of small circular bodies was also routinely observed in the cells after transfection and an 
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experiment that used an old and new solution of PEI, Opti-MEM and Complete DMEM was 

created to find if any of these were a source of microbial contamination. It was determined that 

the PEI that we received from a new supplier was causing the small apoptotic bodies to break off 

from the cells after 24 hours post transfection and that these were eliminated using a shorter 

transfection time of 12-18 hours. This was done by looking at the cells under the EVOS 

microscope to determine if the bodies were there at the given time (Figure 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Contamination testing revealed that there was no mycoplasma within the HTLA cell 

line (A). Running the PEI contamination test found that apoptotic bodies formed from the PEI 

after 24 hours of transfection (B). When completely optimized the normal HTLA cells (C) 

should yield high transfection efficiency shown by GFP (D). 
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High Throughput Sweetener Screen 

Once the optimization for the screen was completed, a high throughput PRESTO-

TANGO screen was performed with 72 orphan receptors (Table 1) treated with vehicle or a 

combination of the artificial sweeteners aspartame and acesulfame potassium at a concentration 

of 6 mM and 3 mM, respectively; as determined from the study done by van Eyk et al. 2015 Five 

replicates (sets) of orphan receptor screens were completed. On every receptor plate, there was 

an LPAR1 control positive and negative group that were used to determine if the transfection 

worked properly and to verify any receptor hits that the screen could get. The RLU and fold 

change of each LPAR1 control across the four sets show how well the screen preformed (Figure 

13). One replicate (Set B) that did not respond to positive control treatments was excluded from 

future analysis. Set A had a fold change average of 1.74 ± 0.39 with the highest being 2.36 ± 

0.13 on plate 2 and the lowest being 1.28 ± 0.13 on plate 7. Set C had a fold change average of 

2.33 ± 0.83 with the highest being 3.79 ± 0.27 on plate 7 and the lowest being 0.96 ± 0.28 on 

plate 3. Set D had a fold change average of 7.63 ± 2.04 with the highest being 11.96 ± 0.86 on 

plate 7 and the lowest being 5.20 ± 0.68 on plate 2. Set E had a fold change average of 5.05 ± 

1.84 with the highest being 7.57 ± 0.61 on plate 6 and the lowest being 2.59 ± 0.63 on plate 4. 

This shows that the control group of LPAR1 had similar values across the replicates of the sets 

completed. 
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Figure 13: The LPAR1 controls of the HTS that show the RLU and fold changes per plate that 

are used to compare to potential orphan receptor hits. Orphan screen Set A RLU (A) and fold 

change (B), orphan screen Set C RLU (C) and fold change (D), orphan screen Set D RLU (E) 

and fold change (F), and orphan screen Set E RLU (G) and fold change (H). Data are shown as 

mean ± SEM, where N=3. 
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The data from the screen was entered in an excel file that was reformed and corrected the 

luminescence value with the β-Gal assay values to create the RLU which could then be put into 

R Studio to find the values for the Shapiro test, Bartlett’s test, T-test, and Mann-Whitney U test 

for each orphan receptor. From these values it was determined if the receptor values were 

normally distributed, of equal variance and lastly if there was a significant response or not. The 

inverse significance value was then plotted on a heatmap to see how the receptors acted across 

the four screens (Figure 14). From the analysis performed, it was determined that only one 

receptor had significance across the four screens and that was R37, which correlates to GPR32. 

Across the four sets A, C, D and E, GPR32 had a fold change of 1.37 ± 0.18, 0.51 ± 0.18, 0.47 ± 

0.11, and 0.37 ± 0.09, respectively (Figure 15). The sweetener mix was found to decrease 

activation in GPR32 in Sets C, D and E while increasing it in Set A.  

 

Figure 14: A heatmap diagram of orphan receptors treated with an aspartame and acesulfame 

potassium mixture. The significance level (p-value) is of the change in luminescent signaling 

between the NNS treatments and Opti-MEM control for the 72 orphan receptors. The four 

biological replicates are signified as A, C, D and E. R7 (GPR12), R37 (GPR32), R42 (GPR4), 

R53 (GPR84) and R58 (MAS1) are highlighted in red, as they were deemed to have a significant 

change in luminescence.  
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Figure 15: RLU (A) and fold change (B) for GPR32 when treated with 3X artificial sweetener 

mixture containing aspartame and acesulfame potassium relative to the vehicle treatment. 

Shapiro test, Bartlett’s test, T-test, and Mann-Whitney U test showed that there was significance 

(p<0.05) between sweetener and control treatments as shown with an asterisk (*). Data are 

shown as mean ± SEM, where N=3. 
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There were however, 18 other orphan receptors that had a significant difference in at least 

one set between vehicle and sweetener mix, based on if there was significance in more than one 

set or if there was an increase or decrease in activation in multiple sets; four additional receptors 

that warrant further investigation are shown in greater detail. These receptors are GPR12 (R7), 

GPR4 (R42), GPR84 (R53) and MAS1 (R58). GPR12 had a fold change that was significantly 

different in 2 of the 4 sets (2.17± 0.82, 0.227 ± 0.002) with one showing an increase and the 

other a decrease (Figure 16). The sweetener mix was found to decrease activation in GPR12 in 

Sets E while increasing it set A, with it being found significant in Set D and A.  
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Figure 16: RLU (A) and fold change (B) for GPR12 when treated with 3X artificial 

sweetener mixture containing aspartame and acesulfame potassium relative to the vehicle 

treatment. Shapiro test, Bartlett’s test, T-test, and Mann-Whitney U test showed that there was 

significance 
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GPR4 had a fold change of 1.90 ± 1.15, 2.06 ± 0.38, 1.67 ± 0.21, and 0.59 ± 0.25, 

respectively (Figure 17). The sweetener mix was found to increase activation in GPR4 in Sets A, 

C, and D, with it being found significant in Set C. GPR84 had a fold change of 2.11 ± 0.34, 0.90 

± 0.39, 1.55 ± 0.44, and 2.97 ± 1.60, respectively (Figure 18). The sweetener mix was found to 

increase activation in GPR84 in Sets A, D, and E while decreasing it in set C, with it being found 

significant in Set A. The last orphan GPCR is MAS1 which had a fold change of 3.41 ± 1.80, 

1.08 ± 0.14, 2.13 ± 0.38, and 1.36 ± 0.23, respectively (Figure 19). The sweetener mix was found 

to increase activation in MAS1 in sets A and D, with it being found significant in Set A and D. 

Collectively, this preliminary data shows that through the PRESTO-Tango method, artificial 

sweeteners can be used as a possible ligand for some orphan GPCRs. 
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Figure 17: RLU (A) and fold change (B) for GPR4 when treated with 3X artificial sweetener 

mixture containing aspartame and acesulfame potassium relative to the vehicle treatment. 

Shapiro test, Bartlett’s test, T-test, and Mann-Whitney U test showed that there was significance 

(p<0.05) between sweetener and control treatments as shown with an asterisk (*). Data are 

shown as mean ± SEM, where N=3. 
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Figure 18: RLU (A) and fold change (B) for GPR84 when treated with 3X artificial sweetener 

mixture containing aspartame and acesulfame potassium relative to the vehicle treatment. 

Shapiro test, Bartlett’s test, T-test, and Mann-Whitney U test showed that there was significance 

(p<0.05) between sweetener and control treatments as shown with an asterisk (*). Data are 

shown as mean ± SEM, where N=3. 
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Figure 19: RLU (A) and fold change (B) for MAS1 when treated with 3X artificial sweetener 

mixture containing aspartame and acesulfame potassium relative to the vehicle treatment. 

Shapiro test, Bartlett’s test, T-test, and Mann-Whitney U test showed that there was significance 

(p<0.05) between sweetener and control treatments as shown with an asterisk (*). Data are 

shown as mean ± SEM, where N=3. 
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Discussion 

The goal of this study was to determine if the artificial sweeteners aspartame or 

acesulfame potassium would activate or inactivate any of the 72 orphan class A receptors that 

were chosen to be a part of this experiment (full list in supplementary section). This was done by 

running a PRESTO-Tango high throughput screen that measures the β-arrestin recruitment by the 

receptor once the ligand binds. To get the screen optimized there were a series of experiments 

that were first performed. 

Optimization of High Throughput Screen 

 The optimization of the high throughput screen showed that it is possible to get up to a 

20-fold activation through LPAR1 using 10% FBS media and the correct concentrations of 

reagents. It was also found that the 384-well plate needed the optimum ratio of lysate, buffer, and 

water of 10:10:10 µL to yield the highest RLU values possible. The PEI was also optimized to be 

0.3 µL per well of cells. Having the optimum amount of PEI allows for micelles to form 

allowing the transfection efficiency to be at its best (Smale, 2010). It was also determined that 

cells needed to be plated at/or under 20 000 cells per well at a low confluency (around 60%) 

because the more confluent the cells are, the harder it is to get strong transfection efficiency 

(Rybakovsky et al. 2019).  

Contamination Testing 

A DAPI luminescence test was performed to determine if the cells were contaminated 

with mycoplasma. Mycoplasma is one of the most prevalent lab contaminations and can render 

data unusable, induce cellular change, and allow cells to gain resistance to chemotherapeutic 

drugs (Yin et al. 2019). It was determined that there was no mycoplasma, that it was a high 

number of passages for the cell line which caused the effects on transfection efficiency, cell 
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growth, and plating efficiency (Chang-Liu and Woloschak, 1997). A second contamination 

occurred where it was determined via EVOS microscope, that small apoptotic bodies from the 

cells would break off due to the PEI after 24 hours of transfection. PEI is a polymer that can 

condense plasmid DNA into nano-sized polyplexes; however, it has a high cytotoxicity (Kara et 

al. 2018). A lower concentration of PEI was used, and transfection was completed after 12-18 

hours of incubation, stopping the formation of apoptotic bodies.  

High Throughput Sweetener Screen 

Originally there were five sets of screen data, where the first three sets (A, B and C) were 

done completed but more test needed to be completed as set B did not work properly so, sets D 

and E were then completed. The reasoning for this is that Set B did not have useable LPAR1 

control data and the transfection did not work properly. This is believed to have happened 

because the cells were getting higher in passage number and did not plate overly well for Set B 

and C, with Set C having 48 hours of incubation after plating to help grow the cells. Since there 

was no LPAR1 control data, the plate could not be used and was excluded from the study. Poor 

condition of cells in Set A and C is also why the fold change is for those two sets combined is 

68% lower than the fold change for Set D and E combined. The cells for Sets D and E were 

passaged three times before plating and allowed the cells to transfect extremely well and had the 

largest fold change of the screen data that was studied. Together these findings suggested that to 

run a high throughput screen a new cell line must be brought up, passaging can only take place 

twice or three times, then the screen must be completed to maintain high quality screens and 

reliable data. 

 The screen data showed that there are 5 possible receptors whose activity is altered in 

response to artificial sweeteners: GPR32, GPR4, GPR12, GPR84 and MAS1. Given the 
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variability observed between screen replicates, validation experiments are ongoing to determine 

if the artificial sweetener aspartame or acesulfame potassium is the ligand. The screen data 

provided valuable preliminary data on each of the five receptors as potential receptors for 

artificial sweeteners. 

 In this study, GPR32 was the only receptor to show a p value < 0.05 in all sets and had 

down regulation in Sets C, D, and E, respectively; with the first set A showing an up regulation 

in activity. GPR32 is an orphan receptor that has been linked to a few functions using Resolvin 

D1 (RvD1), an enzymatic derivative of docosahexaenoic acid (Sun et al. 2007). GPR32 is 

expressed in human leukocytes and adipose tissue and has been linked to inducing pro-resolution 

macrophage phenotype with reduction to proinflammatory cytokines (Schmid et al. 2016). 

GPR32 has also been linked to inflammatory signalling in airway epithelial cells by trying to 

inhibit RvD1 (Hsiao et al. 2014). It has also been linked to lung cancer by using RvD1 as an 

inhibitor. With the preliminary findings showing that GPR32 is down regulated in three sets, 

NNS could potentially be used to inhibit the receptor which has been linked to in the epithelial 

cells of the inflammatory signalling pathway. A549 lung cancer cells also are linked to the 

inhibitory nature of GPR32 and with the sweeteners down regulating it there could also be an 

interaction there as well. This means that the artificial sweeteners potentially inhibit the GPR32 

in lung cancer as well as act as an inflammatory signal with the receptor. 

 In this study, GPR4 was significant in Set C with it having an increase in activation. 

GPR4 has been characterized as a novel pH sensor that is proposed to be activated by acidic 

extracellular pH, is overexpressed in various malignancies, may be involved in cancer-related 

angiogenesis (Jing et al. 2016), and plays a role in promoting colorectal cancer progression by 

activating the hippo pathway (Yu et al. 2019). GPR4 is also found in endothelial cells for ER 
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stress pathways and tube formation of blood vessels (Ren et al. 2016 and Dong et al. 2017). 

GPR4 has also been suggested to play a critical role in the inflammatory responses activated by 

lysophosphatidylcholine (LPC) where it has been found in epithelial cells and associated with 

diseases like asthma (Qiao et al. 2006 and Lum et al. 2003). With the knowledge that GPR4 has 

been activated in these pathways, it is possible based on the preliminary findings that artificial 

sweeteners could be linked to cancer-related angiogenesis, colorectal cancer in the activation of 

the hippo pathway and playing a role in the inflammatory responses in diseases like asthma due 

to their activation of GPR4 shown in this study. 

GPR12 was activated in Set A and decreased activation in Set E, respectively. GPR12 is 

believed to be a peptide and lipid receptor (Ignatov et al. 2003) that is a constitutively active 

GPCR. It has been linked to brain development, metastatic cancer (Brown et al. 2017), cell 

proliferation, and signal transduction to activate the ERK ½ pathway, a key pathway in the 

promotion of cell proliferation (Lu et al. 2012) and is expressed in umbilical endothelial cells 

(Uhlenbrock et al. 2003). GPR12 is also believed to be coupled to an inhibitory G-protein. It is 

very possible that this receptor is activated by aspartame as it is believed to be a peptide receptor 

(Ignatov et al. 2003). Given that aspartame breaks down into phenylalanine (50%), aspartic acid 

(40%) and methanol (10%), each of the two amino acids can potentially bind to GPR12. 

Aspartame is metabolized in the stomach; however, the metabolites travel through the 

bloodstream and could potentially find a GPR12 receptor in the epithelial cells along the brain. 

This receptor, however, needs more verification due to one of the screens showing an increase, 

one showing a significant decrease and then two sets not showing any activation at all. 

GPR84 is a putative receptor for medium fatty acid chains and has been suggested as a 

novel target to treat chronic low-grade inflammatory diseases (Suzuki et al. 2013). It has also 
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been shown to trigger bacterial adhesion in macrophages and enhance the inflammation signal 

once it is established (Recio et al. 2018). In this study, GPR84 had an increase in activity in three 

sets: A, D, and E. This data shows that it is possible that the agonist for GPR84 could be an 

artificial sweetener as the receptor has been found in epithelial cells and artificial sweeteners 

have to travel through the bloodstream and could bind with them. Also, the activation of GPR84 

in this study could potentially lead to linking artificial sweeteners to enhancing an inflammation 

signal once its been activated.  

High expression of MAS1 in the inner lining of the uterus has been suggested to promote 

endometriosis (Nakajima et al. 2018). Mas1 is known to be a receptor for angiotensin 1 through 

7 and induces vessel dilation and depression of blood pressure, as well as being negatively 

associated with breast cancer by inhibiting cell growth and anti-apoptotic survival signals and 

therefore could make MAS1 an inhibitory regulator of breast cancer (Luo et al. 2015). MAS1 is 

also believed to be a receptor for peptide ligands similarly to that of GPR12 (Tirupula et al. 

2014). Since this could be a peptide receptor, its possible that aspartame could be the ligand 

since the metabolites break down into two amino acids. Also, MAS1 was activated in all four 

sets of this study suggesting that there is a strong chance that aspartame could be the ligand for 

this receptor.  

Its worth noting that all five of the receptors have the ability to come into contact with an 

artificial sweetener in the body because they all are found within epithelial cells that gives them 

access to the bloodstream where the artificial sweeteners go to travel through the body. It is also 

very intriguing that GPR4, GPR32, and GPR84 all in some way are connected to inflammatory 

responses. Artificial sweeteners, especially aspartame and acesulfame potassium, cause 
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inflammation in the body (Hall et al. 2017 and Bian et al. 2017) which leads me to believe that 

these are actual hits and not false positives.  

Artificial sweeteners have been linked to inflammation in a few studies that state that the 

sweeteners have been found to cause glucose intolerance and induce metabolic syndrome which 

leads to a higher risk in obesity. In these cases, its been found that artificial sweeteners can 

disrupt the gut microbiome which can produce pro-inflammatory mediators (Bian et al. 2017 and 

Ruiz-Ojeda et al. 2019). In the Bian et al. study they looked at the disruption that led to the 

eliciting of inflammation; with the three receptors being linked to inflammation in this study, it is 

possible that the artificial sweeteners themselves bind to the receptor that cause the inflammatory 

responses seen in previous studies, instead of a disruption that leads to the inflammation.  

The other two receptors, GPR12 and MAS1, also share a similar trait and that’s both 

receptors are believed to be peptide receptors meaning aspartame could also bind to them as well 

due to the metabolites that it breaks up into in the digestive tract. The break down of these 

metabolites generally are toxic in high dosages but the amount consumed is usually never high 

enough to find an effect (Pradhan et al. 2010). If the prolonged use of artificial sweeteners 

caused a build up of effect of formaldehyde, the metabolite, which was seen in a small-scale 

experiment done by Tandel, 2011 then this study could be the building block to prove this 

correct. With both GPR12 and MAS1 being linked to cancer, it is possible that the metabolite 

formaldehyde of aspartame plays a role in its development because it is a known carcinogen for 

humans (Kwon et al. 2018). More research is needed in this field to truly understand the long 

term affects of artificial sweeteners, but this becomes a step in the right direction. 
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Conclusion and Future Directions 

The aim of this study was to determine if the artificial sweeteners, aspartame and 

acesulfame potassium, would bind to any of the 72 class A orphan receptors using the PRESTO-

TANGO high throughput screening method. After optimizing the screen and dealing with 

contamination on multiple occasions, it was determined through preliminary trials that five 

receptors: GPR4, GPR12, GPR32, GPR84 and MAS1 have a significant change in sweetener 

treatment and vehicle control. Validation is required to ensure these findings represent true hits 

and not artifacts or false positives. 

Validation of the five receptors will require treating each with individual sweeteners and 

not a mix. This will allow us to fully determine if there was an actual hit and by which artificial 

sweetener. If a true positive hit does emerge from this validation, then a dose response curve will 

need to be done with that receptor and artificial sweetener. This will then be followed up by 

verifying that the ligand does activate or inactivate the receptor by using another signalling 

pathway that isn’t the β-arrestin pathway. One pathway to use could be the Ca2+ pathway; once 

that is completed and the receptor is validated then a more human nature body environment 

model will need to be designed due to the PRESTO-Tango method actively recruiting arrestin 

which could give off a false signal, which the body doesn’t do, so a more natural human body 

model is needed. An experiment would then be needed to determine how and where the ligand 

binds on the receptor. This study will further advance our knowledge that Class A GPCRs might 

be a target for artificial sweeteners. This is an important finding as it was believed that only the 

taste receptors in Class C were the receptors for sweeteners. It also allows for some GPCRs to be 

removed from the orphan list and individual research can be done on each receptor to determine 

their role with artificial sweeteners and the long-term metabolic effects that they might have. 
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Supplementary Data 

Table 1: GPCR screen receptor number and the corresponding official GPCR orphan receptor 

name along with RLU value and P-Value determined using R Studio, where N=3. 

Receptor 
Number 

GPCR 
Name 

RLU 
Set A 

RLU 
Set C 

RLU  
Set D 

RLU 
Set E 

P-Value 
Set A 

P-Value 
Set C 

P-Value 
Set D 

P-Value 
Set E 

R1 CMKOR1 1611 2048 4437 538 0.257 0.700 0.975 0.600 
R10 GPR133 3381 1594 5408 1821 0.567 0.349 0.159 0.255 
R11 GPR141 21808 19969 11400 6817 0.711 0.071 1.000 0.564 
R12 GPR142 4811 1875 1056 1289 0.455 0.239 0.130 0.209 
R13 GPR143 5059 2170 1251 1208 0.470 0.136 0.168 0.102 
R14 GPR144 3782 2707 1947 1871 0.160 0.161 0.152 0.200 
R15 GPR146 2106 3286 3688 2387 0.387 0.750 0.100 1.000 
R16 GPR148 3711 2678 1145 1816 0.152 0.676 0.805 0.575 
R17 GPR149 1207 1229 1136 1225 0.348 0.100 0.385 0.418 
R18 GPR15 2793 4600 5525 2463 0.529 0.716 0.502 0.700 
R19 GPR150 6367 15938 1113 1201 0.605 0.896 1.000 0.400 
R2 GPER 2317 2031 3127 3550 0.100 0.046 0.919 0.400 

R20 GPR151 2145 3905 1094 940 0.547 0.274 1.000 0.027 
R21 GPR153 10545 10194 1638 1249 0.060 0.700 0.700 0.013 
R22 GPR156 10324 32104 21170 13662 0.544 0.186 1.000 0.700 
R23 GPR160 4716 11043 13363 3633 0.313 0.399 0.660 0.139 
R24 GPR161 15461 37709 44635 19039 0.236 0.703 0.700 0.700 
R3 GPR101 73705 59660 47502 615 0.065 0.696 0.971 0.100 
R4 GPR110 3506 2946 1665 738 1.000 0.682 0.939 0.000 
R5 GPR113 6100 6108 2502 1025 0.881 0.957 0.100 0.006 
R6 GPR116 3994 6426 1448 1269 0.680 0.645 0.398 0.183 
R7 GPR12 66986 102385 104837 37421 0.180 0.735 0.902 0.020 
R8 GPR123 9373 7650 3653 1055 0.569 0.463 0.126 0.002 
R9 GPR132 18698 18483 22373 716 0.492 0.607 0.400 0.400 

R25 GPR162 1153 3157 1076 876 0.120 0.400 0.631 0.938 
R26 GPR17 23926 112745 2746 252287 0.636 0.353 0.674 0.520 
R27 GPR171 2740 3282 684 2032 0.345 0.700 0.143 0.536 
R28 GPR173 11732 48591 476 10124 0.423 0.100 0.100 0.022 
R29 GPR182 345330 557666 870 55255 0.418 0.895 0.971 0.138 
R30 GPR19 19858 51242 616 5331 0.357 0.100 0.729 0.792 
R31 GPR20 2721 131753 1758 1558 0.171 0.917 0.238 0.216 
R32 GPR23 139106 149469 801 7849 0.958 0.816 0.532 0.873 
R33 GPR25 21270 21666 1665 1700 0.551 0.176 0.687 0.245 
R34 GPR26 15831 13624 5042 5261 0.417 0.100 0.695 0.946 
R35 GPR27 1804 2020 973 1394 0.695 0.700 0.939 0.597 
R36 GPR31 5919 7994 1311 1916 0.388 0.068 0.310 0.882 
R37 GPR32 35834 86084 13061 18734 0.042 0.113 0.028 0.026 
R38 GPR35 29791 79231 26756 47997 0.602 0.370 0.930 0.053 
R39 GPR37 242003 426292 767727 445223 0.463 0.251 0.771 0.368 
R40 GPR37L1 4942 4640 3253 6305 1.000 0.200 0.479 0.304 
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R41 GPR39 4842 5783 13709 4085 0.278 0.412 0.700 0.554 
R42 GPR4 27584 50401 368470 67905 0.566 0.025 0.100 0.418 
R43 GPR45 29535 70623 10165 5937 0.417 1.000 0.105 0.045 
R44 GPR52 14817 38674 17342 11338 0.194 0.231 0.021 0.962 
R45 GPR55 3185 12278 6614 5216 0.723 0.380 0.236 0.197 
R46 GPR6 135265 599485 560770 706526 0.415 0.156 0.011 0.215 
R47 GPR61 8914 10599 9952 9137 0.700 0.663 0.077 0.063 
R48 GPR62 4009 3991 2413 928 0.019 0.400 0.334 0.200 

R49 GPR63 1080 2736 3956 1925 0.700 0.100 0.249 0.100 

R50 GPR64 1736 3433 13161 3275 0.411 0.211 0.341 0.136 

R51 GPR78 16497 15902 3875 4446 0.190 0.700 0.700 0.001 

R52 GPR83 3833 4377 1866 1522 0.875 0.044 0.100 0.619 

R53 GPR84 28553 77433 54610 24073 0.019 0.356 0.264 0.152 

R54 GPR85 20581 48997 30829 25688 0.523 0.168 0.459 0.534 

R55 GPR87 47626 189897 1110117 478583 0.095 0.662 0.700 0.100 

R56 GPR88 2450 4158 2262 1870 0.850 0.700 0.121 0.037 

R57 GPR54 14141 9137 1575 949 0.375 0.745 0.811 0.373 

R58 MAS1 104278 133107 475363 277156 0.401 1.000 0.045 0.320 

R59 MAS1L 4046 14997 3128 4495 0.738 0.898 0.100 0.065 

R60 MRGPRD 3335 4950 1370 1050 0.253 0.262 0.349 0.100 

R61 MRGPRF 5241 53308 25268 22010 0.665 0.697 0.088 0.084 

R62 MRGPRG 1009 3226 4731 2252 0.679 0.256 0.396 0.198 

R63 MRGPRX1 1386 2784 4758 2418 0.632 0.121 0.249 0.184 

R64 MRGPRX2 15950 36000 47773 72312 0.308 0.556 0.700 0.349 

R65 MRGPRX4 3438 6254 3177 5543 0.694 0.383 0.200 0.062 

R66 OPN3 934 1672 4664 621 0.201 0.044 0.864 0.230 

R67 OPN5 79040 103466 75046 223743 0.169 0.430 0.449 0.787 

R68 PK2 3858 2600 981 2525 0.182 0.100 0.853 0.505 

R69 PRP 8270 13730 5786 11503 0.088 0.993 0.195 0.191 

R70 TAAR5 1514 1481 1340 3659 0.923 0.115 0.813 0.724 

R71 TAAR6 18376 17312 24607 11415 0.700 0.990 1.000 0.652 

R72 TAAR9 2872 4380 1451 1634 0.659 0.855 0.572 0.240 
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Table 2: GPCR receptor and the corresponding Rourke lab stock number, concentration (ng/µL) 

as well as the A260/A280 ratio. Prepped using the Promega Pure Yield Miniprep and 

concentrations were found using the Nanodrop software.  

Receptor Rourke Stock # Concentration (ng/µL) A260 A280 A260/A280 

GPR151 21 636.03 12.72 6.57 1.94 

GPR113 22 659.47 13.19 6.75 1.95 

GPR116 23 178.32 3.57 1.90 1.88 

GPR12 24 414.51 8.29 4.53 1.83 

GPR123 25 449.62 8.99 4.92 1.83 

GPR132 26 499.29 9.99 5.55 1.80 

GPR133 27 582.04 11.64 6.53 1.78 

GPR141 28 697.80 13.96 7.23 1.93 

GPR142 29 516.84 10.34 5.74 1.80 

GPR26 53 534.20 10.68 5.96 1.79 

GPR27 54 450.37 9.01 5.02 1.80 

GPR3 55 522.77 10.46 5.89 1.78 

GPR31 56 565.52 11.31 6.44 1.76 

GPR32 57 189.74 3.80 2.04 1.86 

GPR35 58 299.66 5.99 3.22 1.86 

GPR37 59 433.11 8.66 4.85 1.79 

GPR37L1 60 458.61 9.17 5.12 1.79 

GPR39 61 502.10 10.04 5.61 1.79 

GPR4 62 437.96 8.76 4.86 1.80 

GPR45 63 289.54 5.79 3.16 1.83 

GPR52 64 74.56 1.49 0.79 1.89 

GPR55 65 170.28 3.41 1.81 1.88 

GPR56 66 529.20 10.58 5.80 1.82 

GPR6 67 577.54 11.55 6.40 1.81 

GPR61 68 576.38 11.53 6.41 1.80 

GPR62 69 643.91 12.88 6.82 1.89 

GPR63 70 117.62 2.35 1.25 1.88 

GPR64 71 560.02 11.20 6.30 1.78 

GPR78 72 545.30 10.91 6.04 1.81 

GPR84 73 645.53 12.91 6.93 1.86 

GPR85 74 572.51 11.45 6.40 1.79 

GPR87 75 467.48 9.35 5.14 1.82 

GPR52 64 81.93 1.64 0.88 1.87 

GPR17 35 23.46 0.47 0.26 1.78 
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Table 3: PEI transfection efficiency calculated by GFP cells counted at 10X magnification using 

an EVOS microscope versus the total number of cells counted at 10X magnification. 

PEI/Well (µL) GFP Cells Total Cells % Efficiency 

0.05 0 N/A N/A 

0.01 0 N/A N/A 

0.2 68.3 1188 5.75 

0.3 272.7 1107.7 24.62 

0.4 184 1198.3 15.35 
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Figure 20: The transfection efficiency of GFP using various concentrations of PEI in each cell 

well at various plated cell per well amounts; 5000 (A), 10 000 (B), 15 000 (C), 20 000 (D), 25 

000 (E) and 30 000 (F) cells per well. 

 


